This paper describes an immunochemical method which uses radioactive protein A for the detection and analysis of streptococcal M6 protein epitopes on the surface of recombinant Streptococcus gordonii. With this assay, recombinant S. gordonii cells expressing a portion of the M6 protein on their surfaces show a 75-fold increase in bound radioactivity over cells of the control S. gordonii parental strain. Furthermore, use of the assay to monitor the amount of M6 protein present on the surface of the S. gordonii recombinant during growth in culture demonstrated that expression is highest at late log phase, with the protein being sloughed off during stationary phase. This simple assay allows analysis of surface protein without any protein purification or sophisticated instrumentation. As such, it should be broadly applicable to following the expression of most surface-accessible bacterial proteins.
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Streptococcus gordonii is a commensal bacterium found in the human oral cavity. S. gordonii Challis has been the subject of recent efforts to engineer it as a vaccine vector which utilizes surface expression of heterologous antigens to induce mucosal and systemic immunity (4) . For example, the emm6 gene, encoding the M6 protein from the pathogen Streptococcus pyogenes, has been recombined into S. gordonii, and the recombinant bacterium translocates and anchors the protein to its surface (7) . It has become evident that in order to allow further experimentation to optimize antigen expression and to continue the development of recombinant gram-positive bacteria as potential vaccine vectors, a simple and reliable method for detection and quantitation of surface antigens is greatly needed.
Although several methods for measuring surface protein expression are available, including immunofluorescence (6), enzymatic extraction-immunoblotting (3), and enzyme-linked immunosorbent assay (ELISA) (8) , each is problematic when applied to the S. gordonii system. We have found immunofluorescence to be relatively insensitive, giving at best a qualitative plus-minus result. Enzymatic extraction of surface proteins with mutanolysin or other enzymes was difficult, was not reproducible, and gave only a weak signal when coupled with subsequent immunoblot assays. Competitive ELISA was the most satisfactory and reproducible method but required complex instrumentation and was quite cumbersome when applied to large numbers of samples. For these reasons, we have developed a solution-based immunochemical assay using radioactive protein A to detect and quantitate the amount of protein being expressed on the surface of an S. gordonii recombinant. The assay described here is sensitive and reproducible and can be easily applied to multiple samples with simple laboratory equipment.
Bacterial strains and growth conditions. S. gordonii GP251, which is resistant to chloramphenicol at 5 g/ml, was derived by inserting the chloramphenicol acetyltransferase gene into wild-type S. gordonii Challis (3). GP251 is the recipient strain for the introduction of foreign genes and, as such, does not express the M6 protein. S. gordonii GP1223, which is resistant to kanamycin at 500 g/ml, is a recombinant strain which contains and expresses an inserted gene encoding the first 16 N-terminal amino acids fused in frame with the last 220 Cterminal amino acids of the streptococcal M6 protein, with the intervening A and B repeat regions having been deleted (1, 5) . The S. gordonii strains were grown in Todd-Hewitt broth plus 0.2% yeast extract (THBY) containing the appropriate antibiotic in screw-cap tubes at 37°C without shaking.
Antiserum. To detect surface expression of the M6 protein, a mouse monoclonal antibody (MAb), MAb 10F5, was used. MAb 10F5, IgG2b immunoglobulin, binds to an epitope of the M6 protein between amino acid residues 275 and 289 within the C repeat region (2) which is contained in the sequences expressed by GP1223.
Protein A assay. Five-milliliter overnight cultures of S. gordonii GP251 and GP1223 in THBY, containing the appropriate antibiotic, were back diluted 1:10 in 30 ml of THBY. Each of the cultures was grown to an optical density at 600 nm (OD 600 ) of 0.65. The bacteria were collected by centrifuging 1.5-ml aliquots of culture in 1.5-ml microcentrifuge tubes at 10,000 ϫ g for 2 min. The bacterial cells were resuspended in 200 l of ice-cold phosphate-buffered saline plus 3% (wt/vol) bovine serum albumin and 0.02% (wt/vol) sodium azide (PBSBA). The cells were washed two times with PBSBA. After the second wash, the bacterial pellet was resuspended in 200 l of PBSBA containing MAb 10F5 (1:50 [vol/vol] dilution) and the tubes were incubated at 37°C for 3 h. The cells were then pelleted and washed three times with PBSBA. The bacterial pellet was then resuspended in 200 l of PBSBA containing 100,000 cpm of 35 S-labeled protein A (200 to 2,000 Ci/mmol; Amersham) per tube. The tubes were incubated for 30 min at 25°C. The cells in each tube were then pelleted, washed three times with PBSBA, resuspended in 50 l of sterile water, mixed with 4 ml of scintillation fluid 3a70 (Research Products International Corp.), and transferred to plastic scintillation vials. The radioactive counts were determined with a Beckman LS3801 scintillation counter.
The assay outlined in Fig. 1 was developed to detect and determine relative amounts of specific proteins expressed on the surfaces of gram-positive bacteria, with GP1223 as the experimental test strain. After initial trials to establish the feasibility of the method, experiments were conducted to optimize several of the assay parameters. First, the length of the primary-antibody incubation period was varied, and the optimal time was found to be 3 h (data not shown). Second, a dilution series of primary antibody (MAb 10F5) was tested, and the 1:50 dilution was found to provide the highest signal relative to the control background (data not shown). Third, as a control for specificity, the assay was run with preimmune or irrelevant antiserum to test for nonspecific binding to surface proteins, and the radioactivity bound in both cases was the same as the background (data not shown). Fourth, other MAbs, which recognize epitopes on the M6 protein other than that with which MAb 10F5 reacts, were used in the assay with equivalent results, demonstrating that the utility of the assay is not limited to a given immunological reagent (data not shown). Fifth, the amount of radioactive protein A added to each tube was varied in a dilution series, and it was determined that 100,000 cpm provided a significant signal in the linear range of the assay. Addition of more (expensive) label did not increase the sensitivity of the assay (data not shown).
With these optimized parameters, the assay was used to detect and compare the amounts of M6 protein epitopes being expressed on the surfaces of control and recombinant S. gordonii strains. Mid-log-phase cultures of GP251 (negative control) and GP1223 (positive control) were grown as described above in this paper, and triplicate samples of each were assayed as outlined in Fig. 1 . From the data obtained (Fig. 2) , several observations can be made: (i) the assay is highly reproducible, with the triplicate samples giving very similar results; (ii) the positive-control strain, GP1223, exhibits a 75-fold increase in bound radioactivity compared with the negative-control strain, GP251; and (iii) given the assay design and the repeated washings, it appears that the M6 protein epitopes expressed by GP1223 are located on and attached to the external surface of the S. gordonii cells. The date obtained by using this experimental approach correlate well with those obtained by means of other comparative immunoassays performed with GP251 and GP1223, such as Western blotting, immunofluorescence assays, and ELISA; however, this new method is more sensitive and gives quantitative results (data not shown).
Next, we tested the utility of the assay for monitoring surface protein expression as a function of the growth phase of a GP1223 broth culture. An overnight culture of GP1223 was inoculated into THBY containing kanamycin and incubated at 37°C without shaking, and growth was monitored by periodic measurements of the OD 600 of the culture. At various times, appropriately-sized aliquots of culture were removed to provide equivalent cell numbers and assayed for M6 surface protein expression as described above. As shown in Fig. 3 , the relative amount of surface-expressed M6 protein is highest when the culture has an OD 600 of 1.0, which corresponds to late log phase of growth (data not shown). At later time points (and, thus, higher OD 600 readings), the amount of surfaceexpressed M6 protein appeared to drop off sharply. To determine whether this was due to the breakdown of the surfaceassociated protein or to the shedding of the protein into the medium, 300 l of the supernatant from each sample was acetone precipitated and the proteins were separated by polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane for immunoblotting with MAb 10F5. As shown in Fig. 3 , the amount of M6 protein present in the medium increased as the bacteria reached stationary phase, corresponding to the reduction in surface-associated protein; this suggests that this protein is being sloughed off. These results demonstrate and confirm that the protein A assay is capable of monitoring surface protein expression at different points in the bacterial growth cycle. As a matter of convenience when processing large numbers of samples, we also tested whether samples which had been frozen or held on ice gave the same results when assayed at a later time point. We found that this was the case only if sodium azide was added to the cells to inhibit further growth and/or metabolism.
In summary, the method described here is able to detect and make quantitative determinations of recombinant S. gordonii surface protein expression. The assay is simple, sensitive, and reproducible and can be performed directly on cells grown in culture. It will allow for comparison of different recombinant 
